In this study the effects of barren vs enriched housing conditions of pigs on their behavior during the lairage period (2-h holding period before slaughter), carcass characteristics, postmortem muscle metabolism, and meat quality were studied. The barren housing system was defined by common intensive housing conditions (i.e., with slatted floors and recommended space allowances), whereas the enriched environment incorporated extra space and straw for manipulation. Salivary cortisol concentrations were measured before transport and at the end of the lairage period. During the lairage period the percentage of time spent walking and fighting by the pigs was registered. Carcass characteristics such as weight, meat percentage, and backfat thickness were determined. At 5 min, 45 min, 4 h, and 24 h postmortem, pH, temperature, and lactate concentrations were determined in the longissimus lumborum (LL) and biceps femoris (BF) muscles. Capillarization of the muscle, mean muscle fiber area, and color and drip loss after 2 and 5 d of storage
Introduction
Pork quality is determined by the rate and extent of postmortem muscle metabolism. Stress in the period around slaughter is known to influence the physiological and biochemical processes in pigs, which will affect the perimortem muscle metabolism and thereby meat quality (Cassens et al., 1975; Tarrant, 1989) . The magnitude of a stress response will also depend on the individual characteristics of an animal (Benus et al., 1987) . These individual characteristics can be related to ge-2835 were determined for both muscle types. Pigs from the barren environment had a significantly higher increase in cortisol from farm to slaughter, but no differences in behavior were observed during the lairage period. Carcass characteristics did not differ between pigs from barren and those from enriched housing conditions. Postmortem lactate formation was significantly lower in LL muscles of enriched pigs at 4 and 24 h postmortem. Capillary density and mean muscle fiber area did not differ between the groups of pigs. The percentage of drip loss at 2 and 5 d after storage of LL muscle samples from enriched-housed pigs was significantly lower than that of the barren-housed pigs. Similar tendencies were found for the BF muscle from pigs kept in an enriched environment, but these were not statistically significant. The housing system did not affect meat color. It is concluded that on-farm improvement of animal welfare by environmental enrichment can also lead to beneficial economic effects after slaughter by improving the water-holding capacity of pork. netic and ontogenetic factors (Benus et al., 1991) , early life experiences (Mendl and Paul, 1991) , and recent life experiences (Van Ootmerssen et al., 1985) . Behavior of pigs has also been shown to depend on the type of animal (Lawrence et al., 1991; Hessing et al., 1994) , although some authors question the natural law of these results Jensen et al., 1995) . Individual differences in behavior and physiology may have consequences for the ability of pigs to cope with unfamiliar stimuli such as preslaughter stress.
On-farm behavior of pigs can be mediated by different housing conditions. Environmental enrichment with the use of substrates can affect pigs' behavior by increasing the amount of time they spend exploring the environment and reducing the amount of penmate-directed behavior (Beattie et al., 1995; O'Connell and Beattie, 1999) . These differences in behavior during the husbandry phase might also influence the physiological and behavioral responses of pigs in the period before slaughter. An increased activity level may result in higher capillary densities in muscles during the rearing period. The increase in the number of blood capillaries might result in pigs that are better able to cope physiologically with stress in the preslaughter period.
The aim of this experiment was to study the effects of barren vs enriched housing conditions on preslaughter behavior, carcass characteristics, postmortem muscle metabolism, and meat quality characteristics.
Materials and Methods
Animals and Housing. The experimental pigs (Great Yorkshire × [Great Yorkshire × Dutch Landrace]) were housed in either an enriched or a barren environment from birth to slaughter. The experiment was set up in two replicates of 24 pigs. The offspring of six sows (Great Yorkshire × Dutch Landrace) per replicate were used. Within each replicate three groups of four pigs (two barrows and two gilts) were assigned to the enriched environment and three similar groups to a barren housing system. Piglets assigned to the enriched housing system were born in farrowing pens (7.2 m 2 ) with a concrete lying area covered with straw (1.75 × 2.4 m) and a concrete slatted area (1.25 × 2.4 m). A layer of 10 to 20 cm of fresh straw was provided daily after cleaning of the pens. There was enough straw for the pigs to play with, but occasionally there were some problems with straw falling through the slats and plugging the manure system. The other piglets were born in standard farrowing pens where the sows were crated (3.1 m 2 , half concrete area, half metal slats). Castration of male piglets, teeth clipping, ear tattooing, and tail docking were carried out at 3 d of age, following standard animal husbandry procedures at the experimental farm.
Pigs were weaned at 4 wk of age and three barrows and gilts per sow were randomly selected for use in this experiment. Piglets stayed in the same pen at weaning, and the sow and unselected piglets were removed. At 10 wk of age a final random selection within litter of four experimental pigs per sow (two barrows and two gilts) was done. The enriched pigs were relocated to fattening pens (4.64 m 2 ) with half concrete area covered with straw and half concrete slats. The barren-housed pigs were relocated to fattening pens (3.36 m 2 ) with half concrete lying area and half concrete slatted floor. All pens were cleaned daily and fresh straw was provided in the enriched pens at 0830. Pigs from both housing systems were in the same room. Food and water were available for ad libitum consumption. The environmental temperature was kept between 19 and 21°C in each room. Artificial light was on between 0600 and 1800, with no daylight visible in the rooms. Ethics approval was given by the Animal Ethics Committee of the Institute of Animal Science and Health (ID-Lelystad).
Slaughter Procedure and Measurements. At an age of 25 wk, pigs of the two replicates were slaughtered on two different days at the experimental slaughterhouse of the Institute of Animal Science and Health in Lelystad. Pigs were transported for 1 h and kept in lairage for 2 h. During the lairage period behavior was registered using a video camera. Behavioral elements were scored using the Observer software (Noldus, Wageningen, The Netherlands). Percentage of the time spent fighting and walking during the lairage period was determined as described by De Jong et al. (2000b) .
Saliva was collected for cortisol measurements from all pigs before transport during baseline conditions at the farm and at the end of the lairage period. Saliva was collected by allowing pigs to chew on two large cotton buds until they were thoroughly moistened (about 30 to 60 s per sample). The buds were placed in tubes and centrifuged for 10 min at 400 × g. Saliva samples were stored at −20°C until analysis. Cortisol concentrations were determined using a solid-phase radioimmunoassay kit (Coat-a-Count Cortisol TKCO, Diagnostic Products, Apeldoorn, The Netherlands), which was modified for pig salivary cortisol (Ruis et al., 1997) .
Pigs were stunned electrically (300 V, 3 s) with a pair of stunning tongs, after which they were shackled by the hind leg and exsanguinated. Carcasses were chilled overnight at 4°C (air velocity 1.5 m/s). Muscle samples and measurements were taken from 46 pigs. Temperature and pH of the longissimus lumborum (LL) muscle and biceps femoris (BF) muscle were measured at 5 min, 45 min, 4 h, and 24 h postmortem. Muscle pH was measured with a pH meter connected to an Ingold electrode (Mettler Toledo, Lot 406-m6-DXX-s7/25, Elscolab, Almere, The Netherlands). Temperature was measured using a thermocouple with an equilibration time within 5 s (type Testo 901, Testo, Almere, The Netherlands). Carcass weight was registered at 45 min postmortem. Carcass meat percentage and backfat thickness were determined with a Hennesy Grading Probe II at 45 min after slaughter.
Five minutes after exsanguination samples were taken with a cork bore from the LL muscle at the height of the 3rd to 4th lumbar vertebra and from the BF muscle. Muscle cubes (0.5 cm 3 ) were cut from the LL muscle sample and both the inside extreme end (BFi) and outside superficial end (BFo) of the BF muscle cork bore sample. The BF samples represent the visually determined red and white portion of the BF muscle, respectively. At 45 min and 4 and 24 h after slaughter similar muscle samples were taken with a knife. All samples were rapidly frozen in liquid nitrogen and stored at −80°C until analysis. Muscle lactate was extracted by homogenization of the samples in 0.85 M perchloric acid with an Ultra-Turrax (T25, Tamson, Zoetermeer, The Netherlands). After centrifugation of the suspension (10 min at 1,500 × g) 1 mL of supernate was neutralized (pH 6.5 to 7.0) with 10 M KOH. The formed potassium perchlorate was removed by centrifugation (1,500 × g at 4°C) and the concentration of lactate was analyzed in the supernate by the method of Noll (1970) .
At 4 h postmortem samples were taken from the LL, BFi, and BFo muscles for the determination of fiber size and capillarization of these muscles. Muscle cubes (0.5 cm 3 ) were cut and rapidly frozen in isopentane cooled with liquid nitrogen and stored at −80°C. Serial cross-sections (10 m thick) were cut and stained for α-Amylase-Periodic Acid Shiff (PAS) (Andersen, 1975) . The cross-sectional area (m 2 ) of individual myofibers was measured and density of capillaries in the α-Amylase-PAS staining was calculated and expressed as number per area (mm 2 ), per fiber, and as a mean number surrounding single myofibers.
Of every muscle sample at least 200 myofibers were analyzed using a light microscope (Axioskop, Zeiss, Weesp, The Netherlands) connected to an image analysis system (KS400, Kontron, Munchen, Germany). A part of each stained section was digitized and represented by a 512 × 512 pixel image. Each pixel in the image has a gray value ranging on a scale from 0 to 255. The α-amylase-PAS staining was used to individualize each myofiber. This was done by a thresholding step to extract the interfiber space from the entire image, followed by a closing step on the extracted branches. Individual myofiber parameters (fiber area and capillary supply) were measured on the α-amylase-PASstained samples.
At 24 h postmortem some meat quality characteristics were determined on both the LL and BF muscle samples. Water-holding capacity was measured according to the filter paper method of Kauffman et al. (1986) . Drip loss was determined as percentage of weight loss after 2 and 5 d storage at 4°C according to Lundström and Malmfors (1985) . Meat color was determined in triplicate after a 1-h blooming period by measuring L*, a*, and b* values with a Minolta Chromometer (CR525i, Osaka, Japan, light source D65).
Statistical Analysis. Data were analyzed with an analysis of variance model (REML procedure, Genstat 5, 1993) . Fixed effects in the model were main effects of housing system (barren or enriched), sex (barrow or gilt), day of slaughter (1 or 2), and the interaction between housing system and sex. Litter (rearing group) was used as a random effect. When no significant interactions were found (P < 0.05), the model was reduced to main effects only. Differences between factors or combinations of factors were compared pairwise with Fishers method. Effects were considered significant if P < 0.05. Pearson correlation coefficients were calculated.
Results
No significant interactions were found between housing systems and sex of the pigs. Average carcass weight, meat percentage, and backfat thickness of barren-and enriched-housed pigs did not differ significantly and were 85.4 ± 9.8 kg, 54.2 ± 3.9%, and 18.6 ± 5 mm and 87.0 ± 9.7 kg, 52.8 ± 3.5%, and 20.0 ± 4.8 mm, respectively. Table 1 shows the results of the postmortem temperature, pH, and meat quality measurements of the LL and BF muscles of barren-and enriched-housed pigs. Muscle temperature did not differ between pigs from the two housing systems at different times after slaughter. Pigs reared in an enriched environment had a significantly higher pH at 24 h postmortem for both muscle types than pigs kept under barren housing conditions. No significant differences in pH were shown between the two types of pigs at other times postmortem. Drip loss of both muscle types as measured by the filter paper method the day after slaughter did not lead to significant differences between barren-and enrichedhoused pigs. However, the percentage of drip loss at 2 and 5 d after cutting and storage of the LL muscles from enriched-housed pigs was significantly lower than that of the barren-housed pigs. Similar tendencies were shown for the BF muscle from pigs kept in an enriched environment, but these were not statistically significant. Differences in housing system did not cause differences in L* and a* values.
The results of the lactate and capillary density measurements are shown in Table 2 . Postmortem lactate formation was significantly lower in LL muscles of enriched-housed pigs at 4 and 24 h postmortem than in LL muscles of pigs of the barren housing system. No significant differences in postmortem lactate formation were determined for the oxidative inside and more glycolytic outside of the BF muscle. The number of capillaries surrounding a muscle fiber, the number of capillaries per square millimeter, and the mean muscle fiber area did not differ between pigs of the two housing systems for any muscle type. Figure 1 shows the results of the salivary cortisol measurements. The cortisol concentration as measured in the home pen was significantly higher in enrichedhoused pigs when measured in the home pen before transport compared to pigs from a barren environment. After transport and the lairage period no more differences were found between pigs from the two housing systems. This resulted in a significantly higher increase in cortisol levels in pigs from the barren housing system than in enriched pigs. No significant differences were found between pigs from either housing system in the total percentage of time in lairage that was spent fighting or walking (Figure 2) .
Single correlation coefficients between drip loss, color, and the postmortem pH and temperature measurements of the LL and BF muscles are shown in Tables 3 and 4 , respectively. Both muscles showed high correlations between drip loss measurements and pH measured at 4 h after slaughter. A higher pH at 4 h postmortem was associated with lower drip losses at both 2 and 5 d after storage. Correlations between L* and a* values and any of the postmortem pH and temperature measurements were low. The lactate concentrations determined in LL muscle samples at 4 h postmortem showed correlations with drip loss measurements comparable to but lower than correlations with pH at 4 h after slaughter (Table 5 ). The correlation between 4-h postmortem lactate levels and 2-or 5-d drip loss was higher for the oxidative inside BF muscle Means with a different superscript differ significantly between barren-and enriched-housed pigs within muscle types. Means with a different superscript differ significantly between muscle samples of barren-and enrichedhoused pigs. Mean salivary cortisol levels (ng/ml) of pigs from barren and enriched housing systems determined in the home pen before transport (home pen), after a 2 h holding period before slaughter (lairage), and as the increase in cortisol levels from home pen to slaughter (lairage-home pen).
than for the glycolytic outside BF (0.58 and 0.59 vs 0.24 and 0.19, respectively; Tables 6 and 7) . Lactate concentrations at 5 and 45 min postmortem of both BF muscle locations were not significantly correlated with drip loss and color characteristics. The lactate concentration measured at 4 h postmortem of the inside red part of the BF muscle had the highest correlation with drip loss and L* values of the BF muscle. Correlations were not significant for lactate concentrations of the samples from the white part of the BF muscle. Fiber size and capillary density characteristics of all muscle types had relatively low or nonsignificant correlations with drip loss and lactate levels (Tables 5, 6 , and 7). The single correlations of salivary cortisol and behavioral measurements with drip loss and color characteristics of LL and BF muscles were all low and not significant (results not shown).
Discussion
Research on the effects of environmental enrichment of commercial indoor housing conditions and the consequences for meat quality is limited. Beattie et al. (2000) studied the effects of environmental enrichment on behavior, performance, and meat quality. Pigs from enriched environments had higher growth rates, which resulted in significantly heavier carcasses and higher backfat levels. In their experiment housing conditions were located at different facilities, which might have influenced their results. In our experiment no effects on carcass characteristics were observed. Studies with free-range pigs kept under commercial conditions on straw and with an increased space allowance showed lower meat percentage and higher backfat thickness compared to indoor-housed pigs (Van der Wal et al., 1993) . The authors indicated, however, that a firm conclusion with respect to the observed differences could not be drawn due to differences in genetic background and feed composition between their experimental groups.
Interestingly, our results show an improvement of the water-binding capacity of meat from pigs kept under enriched environmental conditions compared to those of the barren environment. The significantly lower drip loss measurements for the LL muscle samples were observed on both slaughter days. In the studies of Van der Wal et al. (1993) no effects on water-binding capacity were observed with free-range pigs kept under commercial conditions. Geverink et al. (1999) did not find significant differences in drip loss after 42 h of storage between pork from enriched and barren housing conditions. Beattie et al. (2000) found higher cooking losses in meat from regularly raised pigs compared to enrichedhoused animals. In our experiment no major effects were seen on pH, temperature, or color measurements. The reason for the lower drip loss measurements in our study could be explained by differences in glycolytic potential at the time of slaughter.
A higher intramuscular fat content in muscle lowers the water percentage in the meat, resulting in less water available for drip loss during storage. Intramuscular fat levels were not determined in our experiment. Beattie et al. (2000) suggested that different levels of intramuscular fat might have caused the lower cooking losses of meat from enriched-housed pigs. Their assumption was based on the higher growth rates and backfat levels they found in pigs kept under enriched housing conditions. According to Barton-Gade (1987) higher growth rates coincide with greater intramuscular fat levels. In our experiment no differences in carcass characteristics were found, indicating that the intramuscular fat levels should not differ significantly. No differences were found in intramuscular fat contents from studies with free-range pigs (Van der Wal et al., 1993) . The main difference for explaining the observed differences in water-holding capacity in this study is the glycolytic potential at slaughter in combination with possible differences in the ability to cope with preslaughter stress conditions. Glycolytic potential at slaughter and the level of postmortem breakdown of glycogen to lactate influence the water-holding capacity of meat (Fernandez and Tornberg, 1991) . Rapid postmortem lactate formation results in meat with a lower water-holding capacity, whereas depletion of glycogen reserves due to chronic stress leads to dark, firm, and dry (DFD) meat. Barton-Gade and Blaabjerg (1989) found a lower frequency of DFD meat in pigs kept outdoors, which they suggested was caused by a greater resistance to preslaughter stress. No DFD meat was found in our studies. Other studies have shown that increased exercise during the husbandry phase leads to higher muscle glycogen levels at slaughter and more drip loss (Essén Gustavsson et al., 1988; Enfä lt et al., 1993) . Unfortunately, no glycogen samples were taken during this experiment, but the results of the lactate formation show higher lactate concentrations at different times postmortem. Differences in glycogen content and postmortem lactate formation can also be influenced by differences in the ability of pigs to cope with preslaughter stress. Previous studies have shown that pigs from enriched rearing environments are less aggressive than those reared under barren housing conditions, both under situations in the presence and absence of enriching stimuli (Beattie et al., 1993; De Jonge et al., 1996) . O'Connell and Beattie (1999) found that rearing environments enriched with substrates and extra space also improve welfare by directly affecting social behavior of pigs. The earlier results suggest that rather than just acting as a diversion, the presence of environmental enrichment during the husbandry phase affects how pigs perceive and react to social and nonsocial situations. Because preslaughter treatment is always associated with new situations such as handling, loading, transport, and being kept in lairage, it may be that pigs from enriched housing systems can cope better and react less adversely to preslaughter stress than pigs from intensive housing systems.
Cortisol measurements have been used to assess stress in pigs. A rise in cortisol is considered to be a valuable indicator of stress and therefore also of welfare in pigs (Harbuz and Lightman, 1992) . Our results show a higher cortisol elevation from farm until stunning in pigs raised under barren housing condition than in enriched-housed pigs, which is in agreement with earlier studies from Geverink et al. (1999) . The results indicate that the enriched-housed pigs were better able to cope with preslaughter stress circumstances than pigs from barren environments. Similar conclusions were drawn by Barton-Gade and Blaabjerg (1989) for pigs kept outdoors. In their study, however, this coincided with higher glycogen levels at slaughter and a decreased water-binding capacity. The latter was not the case in our study. Pigs kept under enriched housing conditions show a greater exploratory behavior of novel environments during the husbandry phase than pigs under barren housing conditions (De Jong et al., 2000a,b) . We hypothesized that due to a different activity level the number of capillaries would increase in muscles of enriched-housed pigs. Petersen et al. (1998) found a significant increase in the mean cross-sectional fiber area and the number of capillaries per fiber of the LL muscle in group-housed pigs compared to control, individually housed pigs, whereas marked training increased the mean fiber areas. The enriched housing conditions in our study had no consequences for the capillary density and mean cross-sectional fiber areas in different pig muscles. The differences in housing conditions were probably too small to provoke any changes in muscle composition.
Prediction of meat quality characteristics as drip loss and color is of interest for the pig production chain. Kauffman et al. (1993) studied the effectiveness of various measuring techniques at 45 min postmortem to predict pork quality. They concluded that the only measurement with any potential for adequate prediction of groups of carcasses into quality classes was pH at 45 min after slaughter. Prediction of single carcasses was not feasible and combination of different techniques did not significantly increase predictive values. Our study showed similar results for prediction of drip loss by measuring pH at 45 min postmortem but also showed better predictive possibilities of pH determined at 4 h after slaughter in BF and LL muscle. Lactate concentrations measured at similar times postmortem showed lower correlations with water-holding capacity than pH measurements. The results of all single correlations between muscle characteristics, preslaughter behavior traits and different cortisol measurements and some pork quality characteristics were less predictive. Unfortunately, the database was not large enough to carry out a sufficient multivariate analysis to determine whether a combination of different preslaughter behavioral and stress characteristics with postmortem measurements will improve the predictive power of pork quality.
Implications
As a consequence of consumer pressure, retail food companies are adopting standards of more welfarefriendly housing and management systems, which they impose on their suppliers. Environmental enrichment improves the welfare of pigs. Indoor environmental enrichment is economically more feasible than various outdoor rearing systems. Furthermore, our results show that improved animal well-being can lead to economic benefits by improving the water-binding capacity of the meat. Future research should examine the relative importance of and interaction between different enriching agents and space allowance on the welfare of pigs and different meat quality characteristics.
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